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Calculations were conducted at the G4MP2 and G4 composite method levels of theory on the 35 
potential carbon, nitrogen, silicon, and phosphorus tetrahedrane derivatives with the general form 
CaNbSicPdH(4-b-d) (where a+b+c+d=4). At both levels of theory, optimized electronic ground state neutral 
singlet gas phase (298.15 K, 1 atm) geometries were obtained for 24 of the 35 possible C/N/Si/P 
tetrahedrane derivatives. Corresponding enthalpies of formation were calculated using the atomization 
method. Triplet state neutral tetrahedron starting geometries for all compounds either resulted in cage 
opening or failed to converge. Only 9 cationic and 3 anionic forms converged to stable geometries that 
retained the tetrahedron cage and were absent imaginary frequencies, thereby allowing the calculation 
of adiabatic ionization energies and electron affinities.
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The Platonic solids are set of five congruent regular polygons (tetrahedron, cube, octahedron, 
dodecahedron, and icosahedron), each with the same number of faces meeting at all vertices (Figure 1). 
Tetrahedrane is the simplest Platonic solid molecule (Figure 2). Using carbon, nitrogen, silicon, and 
phosphorus, 35 potential tetrahedrane derivatives of the general form CaNbSicPdH(4-b-d) (where 
a+b+c+d=4) exist. Herein we use a compressed set notation style to denote each possible compound, 
omitting implied hydrogen atoms on tetravalent carbon and silicon atoms (e.g., {C,C,N,P} is C2H2NP 
and {N,Si,Si,Si} is Si3H3N) (Figure 3).
At the G4MP2 [1] and G4 [2] levels of theory in Gaussian 09 [3], optimized electronic ground state 
neutral singlet (S0) gas phase geometries and thermochemical data were obtained for 24 of the 35 
possible C/N/Si/P tetrahedrane derivatives (Table 1 and Figure 4). Structures where a≥1 and c≥1 (i.e., 
the organosilicon members {C,C,C,Si}, {C,C,N,Si}, {C,C,P,Si}, {C,C,Si,Si}, {C,N,N,Si}, {C,N,P,Si}, 
{C,N,Si,Si}, {C,P,P,Si}, {C,P,Si,Si}, and {C,Si,Si,Si}), as well as {P,Si,Si,Si}, converged to ring-
opened non-tetrahedrane geometries. Holme et al. [4] reported a {C,C,Si,Si} structure with geometry 
optimized using the Schlegel method and the 3-21G basis set, with subsequent single point calculations 
with the 6-31G* basis set and at the MP3/6-31G* level. We were not able to obtain converged 
{C,C,Si,Si} tetrahedron geometries at any of the HF/3-21G, HF/6-311++G(d,p) [5, 6], M062X/6-311+
+G(d,p) [5-7], B3LYP/6-311++G(d,p) [5, 6, 8-10], CBS-Q//B3 [11-18], G4MP2, or G4 levels of theory. 
Triplet state neutral tetrahedron starting geometries for all compounds either resulted in cage opening 
or failed to converge.
Gas phase (298.15 K, 1 atm) enthalpies of formation (ΔfH°(g)) were calculated using the atomization 
approach at both the G4MP2 and G4 levels of theory [19-21] (Table 1). These levels of theory should 
achieve effective thermochemical accuracy [1, 2, 22-28]. With the exception of phosphorus 
tetrahedrane (G4MP2/G4 ΔfH°(g)=48.6/61.2 kJ/mol), all tetrahedranes examined are expected to have 
substantially endothermic ΔfH°(g) (from about 180 to 750 kJ/mol), and no tetrahedranes considered have 
exothermic ΔfH°(g). The mixed element tetrahedranes adopt distorted tetrahedron geometries, with 
increasing degrees of distortion as atomic size differences increase among the constituents (all 
geometries at the G4MP2 and G4 levels are provided in the Supplementary Materials).
Calculations at the G4MP2 and G4 levels were also conducted on all cationic and anionic forms of 
these 24 C/N/P/Si tetrahedranes. Only 9 of the cations converged yielding non-cage opened tetrahedral 
geometries absent imaginary frequencies at the G4/G4MP2 levels ({C,N,N,N}, {C,P,P,P}, {C,N,P,P}, 
{N,N,P,P}, {P,P,P,P}, {P,P,Si,Si}, {N,N,P,Si}, {N,P,P,Si}, and {N,P,Si,Si}). Adiabatic ionization 
energies (AIEs) were calculated for these derivatives and are provided in Table 1. AIEs at the 
G4/G4MP2 levels are expected to be at or near thermochemical accuracy [1, 2, 24, 29]. Only three 
anionic structures converged at these levels of theory ({N,N,P,P}, {P,P,Si,Si}, and {N,P,Si,Si}), 
providing the estimated electron affinities (EAs) also given in Table 1.
For the carbon and nitrogen tetrahedranes and their mixed derivatives ({C,C,C,C}, {C,C,C,N}, 
{C,C,N,N}, {C,N,N,N}, and {N,N,N,N}), a modest set of prior theoretical ΔfH°(g) estimates exist in the 
literature (Table 2). The only other high-level ΔfH°(g) estimates for the C/N/P/Si tetrahedranes are on the 
pure carbon and nitrogen members, for which our ΔfH°(g) data is in excellent agreement with previous 
calculations using the CBS-Q ({C,C,C,C}), G2 ({C,C,C,C} and {N,N,N,N}), G3 ({N,N,N,N}), and 
W2 ({N,N,N,N}) methods. An experimental ΔfH°(g) datapoint is only available for {P,P,P,P} (59.0 
kJ/mol), which is in excellent agreement with our G4 estimate (61.2 kJ/mol) and reasonable agreement 

















































tetrahedrane (9.08 to 9.34 eV) is in excellent agreement with our G4MP2 (9.16 eV) and G4 (9.20 eV) 
estimates. No other theoretical AIEs for these compounds appear to be available in the literature. We 
also conducted CBS-Q//B3 [17, 18] calculations on the pure C/N/P/Si tetrahedranes, and the 
corresponding atomization approach ΔfH°(g) estimates are also given in Table 2, as is the ΔfH°(g) 
estimate (765.0 kJ/mol) from our W1BD [30] calculation on {N,N,N,N}. These latter calculations are 
also in strong agreement with our G4MP2 and G4 estimates.
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Figure 1. Geometrical shapes of the five Platonic solids (imagery from 
http://en.wikipedia.org/wiki/Platonic_solid).
Figure 2. Three- and two-dimensional general representations of tetrahedrane.
Figure 3. Example structures and set notation naming styles for the {C,C,N,P} and {N,Si,Si,Si} 
tetrahedranes.














Table 1. G4MP2/G4 calculated C/N/P/Si tetrahedrane gas phase (298.15 K, 1 atm) enthalpies of 
formation (ΔfH°g), adiabatic ionization energies (AIEs), and electron affinities (EAs).
ΔfH°(g) (kJ/mol) AIE (eV) EA (eV)
compound G4MP2 G4 G4MP2 G4 G4MP2 G4
{C,C,C,C} 532.4 536.5 n/ca n/c n/c n/c
{C,C,C,N} 543.8 546.7 n/c n/c n/c n/c
{C,C,N,N} 583.1 585.7 n/c n/c n/c n/c
{C,N,N,N} 650.7 653.4 11.24 11.24 n/c n/c
{C,C,C,P} 415.1 420.2 n/c n/c n/c n/c
{C,C,P,P} 300.9 307.8 n/c n/c n/c n/c
{C,P,P,P} 180.6 190.0 8.86 8.90 n/c n/c
{C,C,N,P} 436.3 439.7 n/c n/c n/c n/c
{C,N,N,P} 482.4 484.7 n/c n/c n/c n/c
{C,N,P,P} 326.4 330.5 9.21 9.26 n/c n/c
{N,N,N,N} 746.7 751.0 n/c n/c n/c n/c
{N,N,N,P} 559.7 561.3 n/c n/c n/c n/c
{N,N,P,P} 374.8 376.6 9.60 9.66 0.41 0.39
{N,P,P,P} 205.4 210.2 n/c n/c n/c n/c
{P,P,P,P} 48.6 61.2 9.16 9.20 n/c n/c
{N,N,N,Si} 728.6 727.9 n/c n/c n/c n/c
{N,N,Si,Si} 601.2 601.7 n/c n/c n/c n/c
{N,Si,Si,Si} 535.5 536.2 n/c n/c n/c n/c
{P,P,P,Si} 198.2 207.9 n/c n/c n/c n/c
{P,P,Si,Si} 331.0 338.7 7.94 7.99 1.51 1.48
{N,N,P,Si} 510.2 511.1 8.75 8.80 n/c n/c
{N,P,P,Si} 340.6 344.2 8.59 8.65 n/c n/c
{N,P,Si,Si} 451.8 454.1 8.11 8.15 1.63 1.62
{Si,Si,Si,Si} 638.0 638.8 n/c n/c n/c n/c









Table 2. Comparison of G4MP2/G4 calculated C/N/P/Si tetrahedrane gas phase (298.15 K, 1 atm) enthalpies of formation (ΔfH°g) and 
adiabatic ionization energies (AIEs) with prior calculations and experimental reports from the literature.
compound level of theory ΔfH°g (kJ/mol) AIE (eV) Ref. comments
{C,C,C,C} BP/6-31G* 485.3 n/aa [31]
SCF/6-31G* 518.4 n/a [32] homodesmic reaction set
BLYP/6-31G* 523.4 n/a [31]
MINDO/3 528.4 n/a [33]
G4MP2 532.4 n/cb current work 
G4MP2 533.9 n/a [28] using alternate atomization approach
G2 535.1 n/a [34]
B3LYP/aug-cc-pVDZ 535.6 n/a [35]
G4 536.5 n/c current work
CBS-Q 537.2 n/a [36]
G4 537.6 n/a [28] using alternate atomization approach
SCF/4-31G 541.0 n/a [37] isodesmic reaction set 2
CBS-Q//B3 546.5 n/c current work
RMP2/6-31G* 553.5 n/a [32] homodesmic reaction set
SCF/6-31G* 555.2 n/a [38] isodesmic reaction set 2
RMP2/6-31G* 555.2 n/a [32] isodesmic reaction set
SCF/DZ+D 560.7 n/a [39]
SCF/4-31G 572.8 n/a [37] isodesmic reaction set 1
SCF/6-31G* 587.4 n/a [32] isodesmic reaction set
SCF/6-31G* 591.2 n/a [40]
B3LYP/6-31G* 600.0 n/a [31]
SVWN/6-31G* 609.6 n/a [31]
SCF(MO) 611.3 n/a [41]
SCF/6-31G* 651.0 n/a [38] isodesmic reaction set 1
SCF/6-31G 661.9 n/a [38] isodesmic reaction set 2
AM1 666.5 n/a [38]
SCF/4-21G 693.7 n/a [38] isodesmic reaction set 2
SCF/4-31G 697.1 n/a [40]
SCF/6-31G 705.4 n/a [38] isodesmic reaction set 1





tight-binding MD 771.9 n/a [42]
{C,C,C,N} G4MP2 543.8 n/c current work
G4 546.7 n/c current work
SCF/6-31G* 595.0 n/a [38] isodesmic reaction set 2
SCF/6-31G* 667.3 n/a [38] isodesmic reaction set 1
AM1 705.0 n/a [38]
SCF/6-31G 739.3 n/a [38] isodesmic reaction set 2
SCF/4-21G 771.1 n/a [38] isodesmic reaction set 2
SCF/6-31G 777.4 n/a [38] isodesmic reaction set 1
SCF/4-21G 794.5 n/a [38] isodesmic reaction set 1
{C,C,N,N} G4MP2 583.1 n/c current work
G4 585.7 n/c current work
SCF/6-31G* 662.3 n/a [38] isodesmic reaction set 2
SCF/6-31G* 674.9 n/a [38] isodesmic reaction set 3
SCF/6-31G* 724.3 n/a [38] isodesmic reaction set 1
AM1 772.8 n/a [38]
SCF/4-21G 820.5 n/a [38] isodesmic reaction set 2
SCF/6-31G 829.3 n/a [38] isodesmic reaction set 2
SCF/6-31G 860.6 n/a [38] isodesmic reaction set 3
SCF/4-21G 881.6 n/a [38] isodesmic reaction set 3
SCF/6-31G 897.0 n/a [38] isodesmic reaction set 1
SCF/4-21G 907.9 n/a [38] isodesmic reaction set 1
{C,N,N,N} G4MP2 650.7 11.24 current work
G4 653.4 11.24 current work
SCF/6-31G* 781.6 n/a [38] isodesmic reaction set 2
SCF/6-31G* 821.3 n/a [38] isodesmic reaction set 1
AM1 867.3 n/a [38]
SCF/4-21G 964.4 n/a [38] isodesmic reaction set 2
SCF/6-31G 1002.5 n/a [38] isodesmic reaction set 2
SCF/4-21G 1061.9 n/a [38] isodesmic reaction set 1
SCF/6-31G 1072.8 n/a [38] isodesmic reaction set 1
{N,N,N,N} G2 732.6 n/a [43]
G4MP2 746.7 n/c current work
CBS-Q//B3 747.8 n/c current work
8
G4 751.0 n/c current work
W2 755.6 n/a [44]
W1BD 765.0 n/a current work
G3 769.9 n/a [45]
SCF/6-31G* 929.7 n/a [38] isodesmic reaction set 2
SCF/6-31G* 960.2 n/a [38] isodesmic reaction set 1
AM1 981.6 n/a [38]
SCF/4-21G 1086.6 n/a [38] isodesmic reaction set 2
SCF/6-31G 1214.2 n/a [38] isodesmic reaction set 2
SCF/4-21G 1261.9 n/a [38] isodesmic reaction set 1
SCF/6-31G 1322.1 n/a [38] isodesmic reaction set 1
{P,P,P,P} CBS-Q//B3 48.3 n/c current work
G4MP2 48.6 9.16 current work
experimental 59.0 9.08 to 9.34 [46-51]
G4 61.2 9.20 current work
{Si,Si,Si,Si} MINDO/3 600.0 n/a [52]
CBS-Q//B3 635.6 n/c current work
G4MP2 638.0 n/c current work
G4 638.8 n/c current work
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 08,-3.2011043251,-8.835558201,3.1304264831,-3.4136703024\PG=C01 [X(P4) 
 ]\NImag=0\\
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 2566,5.1398243628,-1.2332641717,-0.3504209267\PG=C01 [X(H2P2Si2)]\NIma 
 g=0\\
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